The vibrational heat capacities of bovine collagen in the solid state, below any phase transitions (helix-coil, melting, glass transition, denaturation) in the presence and absence of water, are calculated and compared with experimental data, collected from the literature. The vibrational heat capacities of dry collagen are estimated as a sum of products of the vibrational heat capacity of the individual poly(amino acid) residues and the total number of each kind of sequence of amino acids in the macromolecule of collagen. For the individual poly(amino acid), the vibrational heat capacity is taken from Advanced Thermal Analysis System Data Bank, which was a preliminary estimation using the experimental lowtemperature heat capacities data, linked to their vibrational spectra based on the group and skeletal vibration contributions of the poly(amino acid). The difference between the experimental and calculated C p of the dry collagen is smaller than ± 3%. The vibrational heat capacity of the solid collagen-water system, below any phase transitions, is estimated from a sum of linear combinations of the mass fractions of the vibrational heat capacities of dry collagen and water. The vibrational calculated C p can be used as a reference baseline for quantitative thermal analysis of experimental C p in any phase transition obtained by scanning calorimetry for the collagen and collagen-water systems.
Introduction
Collagen is one of the largest macromolecules-proteins (around 10 6 Da)-with both simple and regular construction in terms of size and natural origin. According to Ref. [1] , there are 29 collagen types (collagen type I to XXIX) with different super-structures from fibrillar collagen (collagen I, II, XI, IX), hexagonal networks (collagen VIII and X), and beaded filaments (collagen VI) to anchoring fibrils (collagen VII). Bovine collagen, which is considered in this study, belongs to collagen type I.
The macromolecule collagen consists of three chains rolled up into a triple helix which creates its rigid fiber structures. Each chain contains approximately 1400 amino acid residues [2] [3] [4] [5] . Every third amino acid in each chain is glycine (Gly), the smallest of the amino acids. The molecular pattern of the chain may be roughly described as (X-Y-Gly) or (Gly-X-Y), where X and Y represent other amino acids. The triple helical conformation is also dependent on the presence of proline (Pro) and hydroxyproline (Hyp) in the chain [2] [3] [4] [5] . In addition to those three major amino acids in the collagen polypeptide chain, there is still a number of other amino acids of much lower content in comparison with those previously mentioned amino acids (see Table 1 ). The detailed contents of mass% of amino acid compositions for the investigated bovine collagen are presented in Table 1 . Figure 1 shows a picture of a triple helix of collagen with the three most important amino acids: glycine (Gly), proline/hydroxyproline (Pro/Hyp), and alanine (Ala) as the sequence (Gly-Pro/Hyp-Ala) in the chemical structure of bovine collagen [3] [4] [5] .
The highest contents of amino acids in bovine collagen come from 27 mass% of glycine, 18.5 mass% of proline/ hydroxyproline, and from 9.6 mass% of alanine. Both proline and hydroxyproline are rigid, cyclic amino acids that limit the rotation of the spine of the polypeptide, thereby contributing to the stabilization of the triple helix. Hydroxyproline, which is critical for maintaining the Table 1 Amino acids in bovine collagen (collagen type I) and their parameters [5, 6] Amino acid M w molar mass/g mol -1 Number of amino acids in A1 chain Fig. 1 Triple helix of collagen with mass% contents of the three most often repeating sequence amino acids: (Gly-Pro/Hyp-Ala) in the chemical structure of bovine collagen, type I [4, 5, 7] . Left side is colored by atom (nitrogen atoms-blue, oxygen atomsred) and right is colored to highlight the three chains. (Color figure online) stability of collagen, is formed by modifying proline after building a collagen chain. For example, this reaction requires the presence of an adequate amount of vitamin C. The deficiency slows the production of hydroxyproline and stops the building of new collagen, which causes a disease called scurvy. Collagen obtained from farm animals is a known ingredient for cooking. Like most other proteins, when the collagen is heated, it loses its entire structure-the triple helix grows, and the chains break apart. When the denatured collagen chains cool, they absorb all the surrounding water like a sponge to form gelatin.
As mentioned before, there are 29 collagen types which contain three main types of fibrillar collagen that form long ropes used to support building structures in the living organisms and pathways for cell movement during development. All contain long triple helix sections that differ in their different types of terminal regions [1, 3, 5, 8] .
The effect of temperature on collagen macromolecules is an important issue in the study of physical properties. By simply heating and cooling, the collagen structure can be significantly changed, affecting its final biofunctions. The description of thermal properties of complex macromolecules, such as collagen, can be developed based on the knowledge of thermal properties of amino acids-similarly in approach to the study of silk molecules [9] . For many physical properties, including thermal properties, a simple additive rule can be used to predict the behavior of the macromolecule [9] [10] [11] . For example, in the case of silk and the silk-water system, the bulk property such as the vibrational heat capacity, C p (vibration), was determined using a linear combination of C p (vibration) of amino acid residues and the vibrational heat capacity of water [9, 12] . By applying a similar approach, we investigate the additive rule for the vibrational heat capacity of bovine collagen, in the presence and absence of water by summing the contribution to the heat capacity from 4290 sequences of amino acids and water.
A better understanding of biomacromolecules such as bovine collagen requires knowledge of their structure and energetics. The structure of collagen has been reported in the literature [3, 7, 8] . The energetics of collagen can be determined by thermal analysis. Many reports about measurements of thermal properties for poly(amino acid)s and collagen can be found [5, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ; however, only a few quantitative approaches and interpretations of the existing data on the microscopic level are available [10, [25] [26] [27] . Early work in the quantitative thermal analysis of the pure and partially hydrated biomaterial, such as silk, has been initiated by Cebe, Pyda, and co-workers [9, 11, 20, 27] . Similarly, as for silk, in order to fully understand the formation of collagen and thermodynamic processes, a proper link has to be established between the macroscopic properties and the microscopic structure and behavior. For example, the apparent heat capacity of dry collagen and collagen with water should be interpreted in terms of molecular motions of poly(amino acid)s and water [12, [25] [26] [27] to better understand thermal properties.
For thermal properties characterization such as heat capacity and phase transitions over a whole range of temperatures, adiabatic calorimetry (AC), differential scanning calorimetry (DSC), and temperature-modulated DSC (TMDSC) methods are often used [28] [29] [30] [31] [32] [33] [34] . Adiabatic calorimetry is applied to measure the low-temperature heat capacity of macromolecules and biomacromolecules to establish a baseline vibrational heat capacity [10, 11, [35] [36] [37] . The vibrational heat capacities for the individual amino acids and water were taken from the ATHAS Data Bank [31, 38] . The solid, vibrational heat capacities are used for quantitative thermal analysis. Such approach is useful and quick for the quantitative examination of the thermal properties of many biomacromolecules.
In this paper, we present calculations of the heat capacity of dry bovine collagen and the partially hydrated collagen-water system in terms of the vibrational motions of collagen and water that enable us to interpret the experimental data. The heat capacity from low-temperature to any phase transition region of dry collagen and collagen-water was linked to the vibrational spectra of the poly(amino acid)s and water as found in the ATHAS Data Bank [31, 38] . The total calculated vibrational heat capacity of collagen and the collagen-water system has been extended to high temperatures and can be used as the reference line (baseline) in the transition regions for quantitative thermal analysis for coming study.
Calculation of the heat capacity for the solid state of dry collagen
The vibrational solid heat capacity of collagen and the collagen-water system was determined by assuming that at sufficiently low temperature before reaching any phase transition region, only vibrational motions contribute to the heat capacity [9, 39, 40] . Using this commonly acceptable assumption, the vibrational heat capacity of dry collagen, C p Collagen , is calculated as a sum of products of the vibrational heat capacity of the individual poly(amino acid) residues, C p (i), and the total number of each kind of sequence of amino acids (N i ) in the macromolecule of collagen and is written as [9] :
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The total number (N i ) of each type of amino acid is found in Ref. [5, 6] and is presented in Table 1 , where i = Gly, Ala, Pro,…, Met, according to the notation in Table 1 . Heat capacity, C p (i), is the vibrational heat capacity of the repeating unit of the ith-kind of poly(amino acid) in the solid state which was collected and is available in the ATHAS Data Bank for biomaterials [31, 38] .
The computation of the vibrational heat capacity of each poly(amino acid) and water used for calculation of C p and C p Collagen-water was based on the Advanced Thermal Analysis System (ATHAS) scheme, which was first used for synthetic polymers from the well-established methods found in the literature [30, 38, [41] [42] [43] .
In short, a general scheme of this computation of the vibrational heat capacity for each poly(amino acid) is presented below. Upon the assumption that at sufficiently low temperature below the glass transition region (Ref. [44] ) only vibrational motions contribute to the heat capacity of poly(amino acid), the experimental low-temperature heat capacities at constant pressure C p (exp) should be converted into heat capacities at constant volume, C v (exp), using the standard thermodynamic relationship [28, [41] [42] [43] :
where T is temperature, V is volume, and a and b are the coefficients of thermal expansion and compressibility, respectively. They should be considered as functions of temperature. In the case where a and b are not available, the heat capacity can be estimated using the Nernst-Lindemann approximation as follows [28, 41, 43] :
where R is the universal gas constant, A 0 equals 3.9 9 10 -3 (K mol J -1 ), and T m is the equilibrium melting temperature. The experimental, low-temperature heat capacity was linked to the spectrum of vibrational motions. The vibrational spectra of the solid state of each kind of the repeating unit of the poly(amino acid) consist of 3 N vibrators, with N representing the total number of atoms in the repeating unit of the poly(amino acid). The total 3 N vibrators were separated into group, N gr , and skeletal, N sk , vibrations (3 N = N gr ? N sk ). The numbers and types of group vibrations (N gr ) were derived from the chemical structure of the sample as a series of single frequencies and box frequencies over narrow frequency ranges. These frequencies can be evaluated from normal-mode calculations on repeating units of the poly(amino acid)s based on a fit to experimental infrared and Raman frequencies, or from suitable low molar mass analogues. All approximated group vibrational frequencies of the poly(amino acid)s that are relevant to collagen and similarly for water have been collected from the ATHAS Data Bank and from the literature [28, 31, 38] . Figure 2 shows an example of the vibration spectra for poly(amino acid), i.e., poly(L-proline), with chemical structure: (N-CH 2 -CH 2 -CH 2 -CHCO) n , where 3N is equal to 42 vibrators for total number of 14 atoms in the repeating unit, which can be separated into N gr = 31 and N sk = 11. The contribution of the skeletal vibrations comes from frequencies below 700 K (or 500 cm -1 ) and group vibrations from frequencies in the range between 1000 and 4500 K (or 750 and 3000 cm -1 ) [25, 26, 40] .
For low temperature, the experimental heat capacity, C v (exp), contains only vibrational contributions and can be separated into two contributions of the heat capacities coming from group, C v (group), and skeletal, C v (skeletal), vibrations [28, 41] :
The heat capacity from the group vibrations, C v (group), of the poly(amino acid)s was estimated by the sum of the heat capacity from a series of single and box frequencies and is written as [28, 41] :
To evaluate the heat capacity from group vibrations, Eqs. (6) and (7) are used. The heat capacity from single frequencies arising from normal modes (Einstein modes) is given by a sum of the Einstein function [28, 38, 42] : 
where the summation takes place on the individual modes, and H Ei ¼ hm i =k is the Einstein frequency in kelvins, and h and k are the Planck and Boltzmann constants, respectively. The heat capacity of a box distribution, C v (box), is given by a box-like spectrum, and each box is represented by a sum of one-dimensional Debye functions, D 1 , for the sets of vibrations within the frequency interval from H L to H U [28, 38, 42] :
where H L ¼ hm L =k is the lower frequency and H U ¼ hm U =k is the upper frequency in kelvins, respectively, in the box-like spectrum. After subtracting the heat capacity of the group vibration, C v (group), from the total experimental heat capacity, C v (exp), the experimental part from the skeletal contribution C v (skeletal) remains [see Eq. (4)] and is fitted at low temperature to the general Tarasov function T [28, 38, 41, 45] :
to obtain the three characteristic Debye temperatures H 1 , H 2 , and H 3 , for each poly(amino acid) of collagen that represent the maximum frequencies of the corresponding distribution of the density of states. In Eq. (8), the theta temperatures are such that H= hm/k with the Debye frequencies expressed in kelvins. The functions D 1 , D 2 , and D 3 , are the one-, two-, and three-dimensional Debye functions, respectively [28, 41, 46] , and represent heat capacity in the form:
where i is equal to 1, 2, or 3. In Eq. (9) , N denotes the number of the vibrational modes for a given Debye frequency distribution. The temperatures H 1 and H 2 correspond to the constant and linear distribution of density of states with frequency, respectively. The temperature H 3 describes skeletal contributions with a quadratic frequency distribution for small molecules and atoms as found in all solids [28, 41] .
Knowing the Debye temperatures H 1 , H 2 , and H 3 , from a best fit of the experimental data, the skeletal heat capacities, C v (skeletal), were calculated in the whole range of temperature. Then, by adding the group vibration heat capacity to the calculated skeletal heat capacity, the total heat capacity at constant volume, C v (total), was obtained in the solid state. Note that in Eq.
, C v (total) was converted to heat capacity at constant pressure, C p , which will be noted below as C p (vib) or C p (vibration). Figure 3 presents an example of the vibrational heat capacity, C p (vibration), of poly(L-proline), PLPRO, as a function of temperature compared with the experimental data of C p (exp) from differential scanning calorimetry (DSC), both of which can be obtained from the ATHAS data bank [25-27, 31, 38, 40] . The calculation of C p (vibration) for poly(L-proline) was made first, by the determination of the skeletal heat capacity, C v (skeletal), for eleven skeletal modes of vibration, N sk = 11, using three characteristic Debye parameters H 1 , = 691 K, H 2 , = H 3 ,-= 68 K, and then by estimation of the heat capacity, C v (group), using N gr = 31 group vibrations with frequencies presented in Fig. 2 . Next, by applying the universal constant A o = 3.9 9 10 -3 (K mol J -1 ), the equilibrium melting temperature, T m = 573 K, and molecular mass of the repeating unit for PLPRO, M w = 97.18 g mol -1 , the heat capacity at constant volume was converted to heat capacity at constant pressure according to Eq. (3) and Refs. [26, 38, 43] .
Similarly, such a calculation of vibrational heat capacity, C p (vibration), was obtained for each other type of Refs. [25-27, 31, 38, 40] Vibrational heat capacity of collagen and collagen-water 3393 poly(amino acid), C p (vibration): C p (i), over the rage of temperature T = (0.1-1000) K. Finally, using Eq. (1), the total vibrational heat capacity of dry collagen, C p Collagen (vibration), was calculated. This heat capacity, C p Collagen (vibration), serves as the reference baseline to estimate additional heat capacity contributions to the experimental apparent heat capacity of collagen in the whole range of temperature for all states.
The calculated vibrational heat capacity of individual poly(amino acid)s and more complex biomaterials such as collagen can serve as a baseline reference heat capacity for the advance thermal analysis in whole range of temperature to judge any deviation from apparent heat capacity in all kinds of phase transitions such as denaturation, melting transition and the glass transition, or glass-like transition. For example, Miles [47] reports the denaturation process for dry collagen type I is around 500 K and for fully hydrated collagen is at around 335 K. It should be noted that according to Ref. [44] , the glass transition for dry poly(amino acid)s such as poly(L-methionine) and poly(Lserine) was estimated at a temperature of 280 K and 310 K, respectively. In Ref. [20] , the glass transition for dry rate tail collagen was found at T g of 477 K measured by standard TMDSC and by quasi TMDSC around 463 K in Ref. [48] . For all the above examples, the vibrational heat capacity can be applied as a reference line in the advance thermal analysis.
Calculation of the heat capacity for the solid state of the collagen-water system
The heat capacities of the solid collagen-water system below any phase transition including the glass transition, T g , from vibrational motions were calculated from the linear combination of the mass or molar fractions of the vibrational heat capacity of collagen, C p Collagen (vibration), and water, C p Water (vibration), according to the equation [9] [10] [11] [12] [48] [49] [50] :
where f S and f W are the mass fractions of collagen and water, respectively, in the collagen-water system. C p Collagen-water (vibration) [J K -1 g -1 ] is the specific heat capacity of the mixture and is related to the molar heat capacity, c p Collagen-water (vibration) [J K -1 mol -1 ], of the collagen-water mixture given by:
where M w (cw) is the molar mass of the mixture and is calculated from:
where M w (collagen) and M w (water) are the molar masses of collagen and water, respectively, and X S and X w are the molar fractions of collagen and water, respectively. The vibrational heat capacity of water, C p Water (vibration), which is used in Eq. (10) was earlier described in Refs. [8] [9] [10] [11] . In the similar manner, solid state of each poly(amino acid), C p Water (vibration), was evaluated based on the low-temperature experimental data for the heat capacity of glassy water measured by Suga and co-workers [12] . For the calculation of the vibrational heat capacity of water, the 9 degrees of freedom resulting from the 3 atoms of the molecule H 2 O were separated into the 3 group vibrations and 6 skeletal vibrations. The group vibrational frequencies of glassy water were taken from normal-mode calculations based on the experimental infrared and Raman spectra (O-H symmetric stretch, with frequency 4685 K; O-H asymmetric stretch, with frequency 4685 K; and H-O-H deformation with frequency 2365 K) as given in Ref. [8] . The remaining 6 vibrational modes contribute to the skeletal heat capacity, which was calculated by fitting the experimental data of low-temperature C p with the general Tarasov Eq. (8) . With the three Debye temperatures H 1 , H 2 , and H 3 resulting from the best fit of this experimental low-temperature C p and with parameters N sk and A 0 , the C V Water (skeletal) was estimated. Next, by adding group vibration contribution, C V Water (group), to the skeletal vibration contribution, C V Water (skeletal), the total heat capacity of water at constant volume, C V Water (total), was obtained. Finally, using Eq. (3), the heat capacity at constant pressure, C p Water (vibration), for water was calculated. This vibrational heat capacity for water, C p Water (vibration), was used in the construction of the vibrational heat capacity of the collagen-water system, C p Collagen-water (vibration), as shown in Eq. (10) . It should be noted that the calculation of the vibrational heat capacity of water, C p Collagen-water (vibration), was conducted in Refs. [9] [10] [11] using the low-temperature experimental heat capacity of glassy water (amorphous ice) below T g = 135 K based on data from Ref. [12] . This C p Collagen-water (vibration) still is valid for crystalline water and bound or free water. Our conclusion is based on the fact that the values of the low-temperature experimental heat capacity of glassy water and crystalline water (cube, hexagonal ice) below T g are similar (Ref. [12] ) and have the same vibration motion of the molecule (H 2 O). In this sense, the C p Collagen-water (vibration) does not depend on amount or form of water: amorphous, crystalline, bound or free water in the system of collagen-water. Such vibrational heat capacity of water was preliminarily applied successfully for the construction of the vibrational heat capacity of silk-water [9] , and starch-water [10] systems. Thus, this approach was applied to calculate for the collagen-water system according to Eq. (10).
Results and discussion
Bovine collagen with a molecular mass around M = 406,940.3 g mol -1 was used as an example for the determination of the vibrational heat capacity of collagen and the collagen-water system.
The investigated collagen (collagen type I) is composed of three polypeptide chains with known sequences of 4290 amino acids. Symbolically, we can write that total collagen contains two chains of A1 and one of A2 as collagen (A1 9 2 ? A2), indicating that the chain A1 is CO1A1 BOVIN (P02453), and the chain A2 is CO1A2 BOVIN (P02456). Both the composition and content of individual poly(amino acid) residues occurring in the polypeptide chains forming the investigated collagen are presented in Table 1 , for type A1 and A2 chain of collagen type I [5, 6] .
Next, the vibrational heat capacity of dry collagen, C p Collagen (vibration), was calculated according to Eq. (1), knowing the vibrational heat capacity as a function of temperature for each type of amino acid in the bovine collagen and their corresponding numbers N i (see Table 1 ). The vibrational C p of individual amino acids was evaluated using the vibrational motion spectra for the repeating unit of poly(amino acid)s from the Advanced Thermal Analysis System (ATHAS) Data Bank [31, 38] . The vibrational C p of the poly(amino acid)s collected in the Data Bank [31, 38] was calculated previously by Wunderlich and coworkers [25] [26] [27] . An example of the vibration spectra for the repeating unit of individual poly(amino acid) such as poly(L-proline) is illustrated in Fig. 2 , and the vibrational heat capacity of this poly(L-proline), C p (vibration), is presented in Fig. 3 .
The vibrational heat capacity of collagen, C p Collagen (vibration), was calculated over the whole range of temperature from 0.1 to 1000 K. The values of calculated vibrational heat capacity of dry collagen are presented in Fig. 4 and collected in Table 2 . Figure 4 presents the calculated vibrational heat capacity of bovine collagen, C p Collagen (vibration), versus temperature (solid curve) from 0.1 to 600 K. Also, in Fig. 4 , the vibrational heat capacity of three major contributors of amino acids: glycine (Gly), C p Gly (vib), proline(Pro)/hydroxyproline (Hyp), C p Pro (vib), and alanine (Ala), C p Ala (vib), is plotted. Their sum gives around 41% of the total contribution to C p Collagen (vibration). The total calculated vibrational heat capacity of bovine collagen, C p Collagen (vibration), comes from the total number ( P N i ) of the amino acids in dry collagen. The number (N i ) of the individual type of amino acids can be found in Refs. [5, 6] and gives a total number ( P N i ) of 4290 for all of the amino acid content in the bovine collagen. The individual number (N i ) of the amino acids in bovine collagen is listed in Table 1 . For example, a total of 1158 molecules of glycine (389 molecules of glycine (Gly) in the A1 chain and the 380 molecules of glycine in the A2 chain), were taken into account to determine the total glycine contribution to the total vibrational heat capacity of dry bovine collagen, C p Collagen (vibration). Similarly, the total 794 molecules of proline (Pro) give their contribution to the total vibrational heat capacity of dry bovine collagen, C p Collagen (vibration). All other numbers for all amino acid contents in the bovine collagen, which contribute to the total vibrational heat capacity, are listed in Table 2 . Figure 4 presents also the experimental low-temperature heat capacity versus temperature for dry bovine collagen; data were collected from Refs. [18, 24] . Additionally, the values of these data are listed in Table S1 (Supplementary data). These low-temperature heat capacities from adiabatic calorimetry are compared in Fig. 4 with the calculated vibrational heat capacity of solid dry bovine collagen (solid line). Good agreement between the experimental data and the calculated vibrational heat capacity of dry bovine collagen was observed for low-temperature Fig. 4 The calculated vibrational heat capacity of dry bovine collagen, C p Collagen (vibration), and its three major contributions from the amino acids, proline (Pro), C p Pro (vib), glycine (Gly), C p Gly (vib), and alanine (Ala), C p Ala (vib), as a function of temperature. Also, the sum of these three vibrational heat capacities, C p Pro-Gly-Ala (vib), is plotted. The experimental low-temperature heat capacities, C p collagen (exp-ac) (full circles), of dry bovine collagen as a function of temperature from 5 to 320 K, measured by adiabatic calorimetry as described in the literature [18, 24] , are compared to the calculated vibrational heat capacity, C p Collagen (vibration) (solid line)
Vibrational heat capacity of collagen and collagen-water 3395 temperature data, between 5 and 300 K, with an error of ± 3%. This agreement supports the conclusion that the only contribution to the low-temperature temperature heat capacity below any phase transition (helix-coil, glass transition) temperature for dry collagen comes from the vibrational motion of the amino acid components. The total calculated vibrational heat capacity of dry collagen extended to high temperature can be used as the reference line (baseline) in the transition regions for quantitative thermal analysis. The experimental heat capacity of the non-crystalline solid such as dry collagen when approaching the transition regions increases beyond the vibrational limit due to the large-amplitude motion from conformational, and external (anharmonic) contributions [51] [52] [53] [54] , and can be estimated in the coming study.
For biomacromolecules such as collagen and the collagen-water system, the extrapolated vibrational heat capacity can serve as the baseline also in the high-temperature range beyond the degradation (decomposing) temperature (at about 530 K) (Ref. [47] ) and is still useful for discussions of thermal stability. It should be noted that collagen shows such degradation above 530 K during heating at rates up to about 20-30°C min -1 for conventional calorimetry (DSC). Today using fast scanning calorimetry (FSC) [55, 56] with scanning rates up to 10 6 K s -1 , the degradation of collagen might be avoided and any thermal processes examined. The process might be also needed for the analysis of deviation from the baseline C p line at high temperature caused by laser damage or ablation reaction effects. Thus, the extension of the vibrational C p can be useful.
Heat capacity of collagen-water system 
(vibration) and C p
Collagen-water(90/10) (vibration) are presented versus temperature for collagen with 10 (blue) and 90 (green) mass% water, and these are additionally compared Heat capacity/J K with the vibrational calculated heat capacity of dry collagen, C p Collagen (vibration), and water, C p Water (vibration). For both cases, the vibrational heat capacity of collagen-water was estimated according to Eq. (10) with the same contribution of C p Collagen (vibration) and water, C p Water (vibration), for each case and different values of the mass fraction, f S , for collagen equal to 0.90, 0.10 and different values of the mass fraction, f W , for water equal to 0.10, 0.90, respectively.
In Fig. 5 , the heat capacity of water is observed to be greater than for collagen at each investigated temperature, and thus, the amount of water in the system of collagenwater increases its ability to increase the heat capacity.
The vibrational heat capacity of the collagen-water system, C p Collagen-water (vibration), can be used as a reference baseline for quantitative thermal analysis of the experimental heat capacity of collagen with water. [18, 24] . The calculation of the vibrational heat capacity of collagen-water was conducted according to Eq. (10) for both cases, with the same mass fractions of collagen, f S (= 0.174), and water, f W (= 0.826), respectively. The small difference in experimental heat capacity below melting of fully crystalline water was observed by the authors in Refs. [18, 24] in comparison with C p of collagen with partially crystalline and vitreous water. Figure 6 illustrates an example for bovine collagen with 82.6 mass% completely crystalline excess of water in the range of temperature between 80 and 300 K. Figure 7 presents data for bovine collagen with the same amount 82.6 mass%, but partially crystalline and vitreous excess of water between 80 and 225 K. Both experimental data in Figs. 6 and 7 were taken from Refs. [18, 24] The agreement between the experimental data and the calculated vibrational heat capacity of bovine collagen with a completely crystalline excess of water was found between 100 and 220 K, with an average relative error of ± 1.8%. These findings confirm that the contribution to the heat capacity of collagen-water (17.4/82.6% mass) comes from vibrational motion of the collagen and water molecules.
In Fig. 6 , the small deviation of the experimental heat capacity of collagen-water (17.4/82.6 in mass%), C p Collagen-water(17.4/82.6) (exp-ac), from the vibrational heat capacity, C p Collagen-water(17.4/82.6) (vibration), is found to start around 210 K and increases until 275 K due to an endothermic transition process, melting of completely crystalline excess of water. More details regarding phase transitions occurring in collagen-water (17.4/82.6 in mass%) system can be find in Refs. [18, 24] . Knowing the vibrational heat capacity, C p Collagen-water(17.4/82.6) (vibration), it is possible to analyze qualitatively thermal properties of bovine collagen with completely crystalline excess of water.
Also, the vibrational heat capacity, C p Collagen-water(17.4/ 82.6) (vibration), for bovine collagen with partially crystalline and vitreous excess of water can be used as reference baseline, for collagen with the presence of 82.6 mass% of water, and enables qualitative thermal analysis of the experimental data. As it can be observed in Fig. 7 , non-phase transitions occur for presented experimental data. Good agreement between the experimental 
Conclusions
Heat capacity is an important quantity for the characterization of thermal properties of large biomacromolecules such as collagens. Quantitative thermal analysis of all nonequilibrium processes and states needs reference baselines of solid, vibrational heat capacity and the liquid heat capacity.
The heat capacities in the solid state of bovine collagen with and without water were determined based on the contribution of vibrational motions of the components: poly(amino acid)s and water, as presented in Figs. 2-7 . The heat capacities of dry collagen and collagen-water were linked to their vibrational spectra. The heat capacities, of dry collagen and collagen-water, were linked to their vibrational spectra. The heat capacity of the solid collagenwater system, below any phase transitions (helix-coil, melting, glass transition), was estimated from a sum of linear combinations of the mass fractions of the vibrational heat capacity of dry collagen and glassy water. Good agreement between the experimental data and the calculated vibrational heat capacity of bovine collagen was observed below any transitions. This agreement supports the conclusion that the only contributions into the experimental heat capacity of solid collagen and the collagenwater system, below any phase transitions, come from the vibrational motions of the amino acid components and water. For example, the heat capacity of bovine collagen with 82.6 mass% completely crystalline excess of water increases beyond the vibrational limit when approaching the endothermic transition due to the heat of fusion and the large-amplitude motion and can be estimated from conformational, and external (anharmonic) contributions in the crystalline phase. The differences between experimental and vibrational heat capacities above the transition temperature can provide quantitative information about those conformational and anharmonic heat capacities and their motions coming from collagen and water for the processes occurring in the dry bovine collagen and collagen-water system and can be the subject of the future study.
The approach presented here can be applied for the determination of the vibrational heat capacities' reference baselines for quantitative thermal analysis of other biomaterials. The solid-state heat capacity is a fundamental thermal parameter which can be predicted from theories of the vibrational states of matter. Many processes in biology require knowledge of changes in heat capacity, such as protein-protein interactions, glass-to-rubbery transition, protein folding and denaturation, crystallization, and helixcoil transitions, to name a few. Heat capacity measurements are especially important in systems where water is present, owing to the very large heat capacity of the water component. The current work therefore provides the procedure for determining the underlying baseline heat capacity for subsequent calculation of heat capacity changes in systems that can absorb water, as demonstrated for the specific case of collagen type I.
Supplementary data
• The experimental heat capacities, C p Collagen (exp-ac) data, of dry bovine collagen as a function of temperature measured by adiabatic calorimetry;
• The experimental heat capacities, C p Collagen (exp-ac) data, of dry bovine collagen-water (mass% 17.4/82.6) as a function of temperature measured by adiabatic calorimetry.
